Over the past several years, the use of electric propulsion technologies within aircraft design has received increased attention. The characteristics of electric propulsion systems open up new areas of the aircraft design space, such as the use of distributed electric propulsion (DEP). In this approach, electric motors are placed in many different locations to achieve increased efficiency through integration of the propulsion system with the airframe. Under a project called Scalable Convergent Electric Propulsion Technology Operations Research (SCEPTOR), NASA is designing a flight demonstrator aircraft that employs many "high-lift propellers" distributed upstream of the wing leading edge and two cruise propellers (one at each wingtip). As the high-lift propellers are operational at low flight speeds (take-off/approach flight conditions), the impact of the DEP configuration on the aircraft noise signature is also an important design consideration. This paper describes efforts toward the development of a mulitfidelity aerodynamic and acoustic methodology for DEP high-lift propeller aeroacoustic modeling. Specifically, the PAS, OVERFLOW 2, and FUN3D codes are used to predict the aerodynamic performance of a baseline high-lift propeller blade set. Blade surface pressure results from the aerodynamic predictions are then used with PSU-WOPWOP and the F1A module of the NASA second generation Aircraft NOise Prediction Program to predict the isolated high-lift propeller noise source. Comparisons of predictions indicate that general trends related to angle of attack effects at the blade passage frequency are captured well with the various codes. Results for higher harmonics of the blade passage frequency appear consistent for the CFD based methods. Conversely, evidence of the need for a study of the effects of increased azimuthal grid resolution on the PAS based results is indicated and will be pursued in future work. Overall, the results indicate that the computational approach is acceptable for fundamental assessment of low-noise highlift propeller designs. The extent to which the various approaches may be used in a complementary manner will be further established as measured data becomes available for validation. Ultimately, it is anticipated that this combined approach may be used to provide realistic incident source fields for acoustic shielding/scattering studies on various aircraft configurations. 
I. Introduction
Over the past several years, the use of electric propulsion technologies within aircraft design has received increased attention. The characteristics of electric propulsion systems open up new areas of the aircraft design space, such as the use of distributed electric propulsion (DEP). In this approach, electric motors are placed in many different locations to achieve increased efficiency through integration of the propulsion system with the airframe. Under a project called Scalable Convergent Electric Propulsion Technology Operations Research (SCEPTOR), [1] [2] [3] NASA is designing a flight demonstrator aircraft similar to that shown in Figure 1 . The configuration employs many "high-lift propellers" distributed upstream of the wing leading edge and two cruise propellers (one at each wingtip). The highlift propellers are designed to increase the dynamic pressure over the sections of the wing in the propeller slipstreams, thereby increasing the total lift. As they are meant to act similarly to conventional high-lift devices, these propellers only operate at low flight speeds. At higher flight speeds, the two cruise propellers provide all the propulsive thrust for the aircraft and the high-lift propellers are folded and stowed against the nacelles to reduce drag.
As the high-lift propellers are operational at low flight speeds (take-off/approach flight conditions), the impact of the DEP configuration on the aircraft noise signature is also an important design consideration. This paper describes an initial study of the source noise produced by the isolated high-lift propellers and sets the stage for the prediction of installation effects. The baseline design is a propeller concept used in initial DEP testing 4, 5 and is representative of subsequent high-lift propeller designs. The propeller configuration and operating conditions of interest are first presented in Section II. This is followed by a discussion of the aerodynamic and acoustic prediction codes in Sections III and IV. Comparison of predicted results are then presented in Section V. Finally, concluding remarks regarding some of the more significant results and further areas of interest are presented in Section VI.
II. Propeller Configuration
The high-lift propeller considered in this study is the five-bladed design by Stoll 4, 5 shown in Figure 2 . As mentioned above, this propeller design has been used in previous DEP studies 4, 5 and is representative of initial high-lift propeller designs. In addition, the design is scheduled to be tested in the NASA Langley Low Speed Aeroacoustic Wind Tunnel (LSAWT) 6 and measured performance and acoustic data will be available for subsequent validation. The propeller diameter is D = 0.44 m (1.44 ft) and the baseline forward flight speed, V f = 31.4 m/s (103.0 ft/s), and propeller RPM (5866) chosen for this study correspond to takeoff conditions. Predictions are performed at angles of attack, α, ranging from 0 • − 9 • to investigate angle of attack effects. In preparation for comparison with measured data, additional forward flight speeds and propeller RPM at α = 0 • are also briefly considered.
The observer locations for acoustic predictions are shown in Figure 2 . Sideline directivity is captured on an arc of radius 3.54 m (11.60 ft) centered on the propeller axis and propeller plane of rotation. Sideline angles, θ , ranging from 0 • − 180 • are included, with θ = 0 • pointing in the upstream (forward flight) direction and θ = 180 • pointing in the downstream (aft) direction. A ring (radius 3.54 m (11.60 ft)) of observers centered on the propeller axis in the propeller plane of rotation encompassing the full range of azimuthal angles (0 • ≤ φ ≤ 360 • ) is also included to study angle of attack effects. Looking downstream (aft) into the propeller, 0 ≤ φ ≤ 180 • represents the upper half of the propeller disc and 180 ≤ φ ≤ 360 • represents the lower half of the propeller disc.
III. Aerodynamic Predictions
Both a structured and unstructured computational fluid dynamics (CFD) code, as well as a blade element approach are used in this study to predict propeller aerodynamic performance and obtain blade loading information. These codes are described in detail in the cited references, so only background information on the various codes is provided herein.
A. Propeller Analysis System (PAS)
The NASA Aircraft Noise Prediction Program (ANOPP) Propeller Analysis System 7, 8 is a set of computational modules for predicting the aerodynamics, performance, and noise of propellers. Classical aerodynamic theory is used to find the surface pressures and frictional stresses on the blade surfaces. Specifically, propeller blade geometry is given in terms of blade surface coordinates derived from a Joukowski transform of the blade sections. Potential flow around the blade sections is computed by Theodorsen's method by using the Kutta condition to fix the circulation. Blade boundary layers are computed by using the Holstein-Bohlen method in the laminar region and the TrucKenbrodt method in the turbulent region.
B. OVERFLOW 2 (OVF)
OVERFLOW 2 9-12 is a three-dimensional time-marching implicit Navier-Stokes code that uses structured overset grid systems. Several different inviscid flux algorithms and implicit solution algorithms are included and the code has options for thin layer or full viscous terms. A wide variety of boundary conditions are available, as well as algebraic, one-equation, and two-equation turbulence models. Low speed preconditioning is also available for several of the inviscid flux algorithms and solution algorithms in the code. The code also supports bodies in relative motion, and includes both a six-degree-of-freedom (6-DOF) model and a grid assembly code.
C. FUN3D (F3D)
The FUN3D flow solver [13] [14] [15] [16] [17] has an extensive list of options and solution mechanisms for spatial and temporal discretizations on general static or dynamic mixed-element unstructured meshes that may or may not contain overset mesh topologies. In the current study, the spatial discretization uses a finite-volume approach in which the dependent variables are stored at the vertices of mixed element meshes. Inviscid fluxes at cell interfaces are computed by using the upwind scheme of Roe, 18 and viscous fluxes are formed by using an approach that is equivalent to a central difference Galerkin procedure. The eddy viscosity is modeled by using the one-equation approach of Spalart and Allmaras 19 with the source term modification proposed by Dacles-Mariani et al. 20 Scalable parallelization is achieved through domain decomposition and message-passing communication.
An approximate solution of the linear system of equations that is formed within each time step is obtained through several iterations of a multicolor Gauss-Seidel point-iterative scheme. The turbulence model is integrated all the way to the wall without the use of wall functions. The turbulence model is solved separately from the mean flow equations at each time step with a time integration and a linear system solution scheme that is identical to that employed for the mean flow equations.
A dual time-stepping algorithm with subiterations is used to converge the solution within each physical timestep. For these simulations, a maximum of 20 subiterations per time-step was used. However, a temporal error controller was used to monitor the subiteration convergence history advancing to the next physical time-step when the flow residuals dropped below ten percent of the estimated temporal error. A variety of time marching schemes are available in FUN3D, including a second-order backward-differencing formulation (BDF2), and an optimized second order backward differencing formulation (BDF2OPT). The BDF2OPT scheme 21 was chosen for the current application as it produces lower truncation error compared to the standard BDF2 scheme at nominally the same computational cost but with slightly increased memory usage.
IV. Acoustic Predictions
The acoustic prediction methods used in this study are based on the FW-H equation, 22 which is a rearrangement of the exact continuity and Navier-Stokes equations into a wave equation for the density with a nonlinear forcing term. Through the application of generalized functions and a Green's function technique, the solution to the equation can be reduced to a surface and a volume integral, but the solution is often well approximated by the surface integral alone. The volume integral includes physical effects such as refraction and nonlinear steepening. When these effects are small, the FW-H surface can coincide with the solid body generating the unsteady flow. This is often referred to as an impermeable data surface. When effects such as refraction are important, the FW-H surface can be pushed out into the flow to encompass important flow gradients. In this case, the data surface is referred to as being permeable (also, penetrable or porous). Hence, the time history of the density, which is directly related to the pressure in the far-field, can be obtained at locations far from the body from a surface integral that is either close to or on the actual body. For permeable surfaces that are off the body, the time histories of all the flow variables are needed, but no spatial derivatives are explicitly required. For surfaces coinciding with the body, only the pressure time history is needed.
The PSU-WOPWOP (PSW) code 23 and the F1A module of NASA's second generation Aircraft NOise Prediction Program (ANOPP2), 24 both implementing Farassat's retarded-time formulation 1A of the FW-H equation, are used to calculate the propeller source noise. Both the solvers were used for the acoustic predictions at select conditions and the two codes provided nearly identical results. Therefore, only a single set of results based on the PSW predictions are presented and may be considered indicative of both acoustic prediction codes.
All acoustic predictions are based on impermeable data surfaces. In specifying the geometry and loading values for the acoustic data surfaces, the information may be considered 'constant', 'periodic', or 'aperiodic'. Information specified as 'constant' is assumed to remain unchanged for all source times. In terms of geometry, this means that the blade shapes remain unchanged as they rotate. For loading specification, the surface pressure values would remain unchanged as the blades rotate (as would be the case if the mean loading values were specified). For 'periodic' data, values are taken to change as a function of azimuthal angle. Finally, for 'aperiodic' data, values are taken to change arbitrarily as a function of time. The propeller blades are assumed rigid, with shapes taken to be the same at all speeds. Therefore, within the acoustic calculations, the geometry of the acoustic data surfaces could be considered 'constant' and rotating at the specified RPM. This meant that surface geometry for only a single CFD time step would be needed as input. Alternatively, the data surfaces could be specified as 'periodic' and the geometry for all time steps would be needed. Predictions were performed using both approaches to verify input specification and, as expected, essentially identical results were obtained. Therefore, the acoustic data surface geometry is specified as 'constant' in subsequent predictions due to the reduction in input file size. Conversely, the surface pressure loading is taken to be 'periodic' (i.e., changing as a function of azimuthal angle and repeating on a once-per-revolution basis). Specifically, time dependent surface pressure loading values for one full rotor revolution are extracted from the aerodynamic predictions solutions (after suitable convergence was reached for the CFD approaches) and used as input. For the cases utilizing the F3D and OVF loading information, acoustic predictions are based on CFD values at 1.0 • azimuthal resolution. However, due to issues with the Propeller Loading Module (PLD) of PAS, acoustic prediction utilizing the PAS loading are based on information at 5.0 • azimuthal resolution. More specifically, specification of 361 azimuthal angles in the PAS input generated an error condition indicating insufficient dynamic storage in the Propeller Loading Module (PLD). Therefore, the number of azimuthal angles was reduced to alleviate this issue. Acoustic results for α = 0 • using the PAS loading are therefore expected to have reduced resolution for the higher harmonics of the blade passage frequency (BPF). This is an issue for future investigation regarding increased PAS azimuthal resolution, as well as the effects of decreased CFD azimuthal resolution on acoustic predictions.
V. Results and Discussion
Aerodynamic and acoustic results are first presented for the cases related to nominal takeoff conditions (V f = 31.4 m/s (103.0 ft/s), RPM 5866). In all cases, the blade angles are kept constant. However, for the baseline case, the blade angle used in the PAS predictions was iterated upon until predicted thrust levels closely matched the average between the F3D and OVF values. The result was a PAS blade angle that is approximately 5 • less than that used in the CFD predictions. Qualitative comparison of the OVF and PAS blade loads for the α = 0 • case are shown in Figures 3-4 . In addition to the differences in blade loading, these figure illustrate the geometrical differences related to the various aerodynamic prediction methodologies. Whereas the OVF and F3D blade geometries include the full root and tip regions, the PAS blade geometry has truncated root and tip regions due to the input requirements of the blade element approach. Despite these differences, the PAS results appear to capture the overall pressure distribution fairly well. This is further indicated by comparisons of the thrust coefficients in Figure 5 and overall thrust levels in Table 1 . All of the predictions show a relative increase in thrust as the angle of attack is increased, with the PAS results showing a slightly larger increase at α = 9 • .
Acoustic predictions are obtained at locations corresponding to the observer arrangement shown in Figure 2 . As seen in Figure 6 , only the rotor blade surfaces are included for which the required surface pressure values are provided by the aforementioned aerodynamic predictions. In addition to the blade surfaces, the OVF data surfaces contain a portion of the collar grids for each blade. The collar grids are necessary for the aerodynamic predictions and the inclusion of the small portion of the nacelle surface is assumed to have a negligible effect on the acoustic results. As mentioned above, the PAS data surfaces include truncated root and tip regions, which may affect acoustic results, particularly due to tip loading. While the separate thickness (monopole) and loading (dipole) acoustic contributions are obtained in the predictions, only the total values are presented. In an attempt to cover a range of possible metrics for prediction assessment, comparisons include the directivity for the dominant BPF tone, tonal amplitudes at BPF and harmonics, and noise variation for α = 0 • cases. Figure 7 shows the predicted sound pressure level (SPL) as a function of sideline angle for the BPF and 2BPF tones at the α = 0 • case. The BPF predictions using all three blade loadings compare very well. There are some discrepancies at large forward and aft locations, however, these occur at very low SPL levels that are well below the maximum value. Comparisons for 2BPF are not as favorable. The CFD based predictions compare fairly well over sideline angles from 30 • − 160 • , with discrepancies near the rotation axis. The PAS based predictions are below the other results over the full range of sideline angles, with some improvement near the plane of rotation. To provide an initial indication of angle of attack effects, similar predictions for the α = 9 • case are shown in Figure 8 . The relative comparisons are similar to the α = 0 • case. However, all of the predictions indicate a general increase in level for forward and aft observer angles as a result of the increased angle of attack. This behavior will become more evident when the predictions for various azimuthal locations are presented.
In addition to directivity patterns, predictions of tone levels at BPF-5BPF are presented in Figure 9 . In this figure, the dashed vertical lines indicate frequencies corresponding to BPF and higher harmonics. At each frequency, the symbols are offset to delineate predictions at increasing angles of attack (α = 0 • , 3 • , 6 • , 9 • ) progressing from left to right. The BPF predictions are very consistent across the range of observer angles, showing a general increase as the angle of attack increases. The same behavior generally holds true for the CFD based predictions over the range of frequencies. However, with the exception of 2BPF at α = 0 • and θ = 90 • , the PAS based results underpredict tone levels for the BPF harmonics. As alluded to earlier, some of the discrepancies in the PAS predictions for α = 0 • cases may be due to the lack of azimuthal resolution in the aerodynamic predictions, which is a point for future study.
To further investigate angle of attack effects, results for the ring of observers centered on the propeller axis in the propeller plane of rotation (see Figure 2 and Section II) are presented in Figure 10 . Here, the change in BPF tone levels (relative to α = 0 • ) are presented for three angles of attack (α = 3 • , 6 • , and 9 • ) as a function of azimuthal observer angle. The predictions show the BPF sound field (which is azimuthally symmetric at α = 0 • ) is decreased in the upper half of the propeller disc (0 • ≤ φ ≤ 180 • ) and increased in lower half of the propeller disc (180 • ≤ φ ≤ 360 • ). As with previous results, the CFD based acoustic predictions are very consistent. The PAS based predictions show the same behavior, but with diminished levels. Again, this may be the result of decreased azimuthal order in the aerodynamic predictions and will be investigated further. However, the general trends are captured, as the change in level is more pronounced as the angle of attack increases. This matches behavior discussed by Mani 25 and measured by Block, 26 and demonstrates the capability of the combined aerodynamic and acoustic tools to predict such effects at the blade passage frequency.
In preparation for comparison with performance and acoustic measurements to be performed in the NASA Langley Low Speed Aeroacoustic Wind Tunnel (LSAWT), 6 additional forward flight speeds and propeller RPM at α = 0 • are also briefly considered. These cases are meant to cover a range of possible test conditions and therefore, as seen in Table 2 , entail a range of forward flight speeds and RPM values. Note that only OVF and PAS loading predictions are currently available for these additional conditions. However, the V f = 31.4 m/s, RPM=5866 case is the same as that considered previously and the blade angles were kept constant. As with previous cases, there is reasonable comparison in the thrust values as is also shown in the thrust coefficient comparisons in Figure 11 . The discrepancy increases at the highest forward flight condition. However, this may be expected at the larger advance ratio where propeller efficiency is decreasing rapidly and separated flow may be present.
Predicted sound pressure levels (SPL) at BPF as a function of sideline angle for the three additional cases are shown in Figure 12 . The comparison between the OVF and PAS based predictions are similar to previous cases. However, there is a clear change in the directivity pattern as the advance ratio increases. Correspondingly, the discrepancy between the two predictions increases, possibly due in part to increasingly complex flow about the blades that is not captured by the blade element approach. However, the general trends at the blade passage frequency are again 
VI. Concluding Remarks
This paper describes efforts toward the development of a mulitfidelity aerodynamic and acoustic methodology for DEP high-lift propeller aeroacoustic modeling. Specifically, the PAS, OVERFLOW 2, and FUN3D codes are used to predict the aerodynamic performance of a baseline high-lift propeller blade set. Blade surface pressure results from the aerodynamic predictions are then used with PSU-WOPWOP and the F1A module of the NASA second generation Aircraft NOise Prediction Program to predict the isolated high-left propeller noise source. Comparisons of predictions indicate that general trends related to angle of attack effects at the blade passage frequency are captured well with the various codes. Results for higher harmonics of the blade passage frequency appear consistent for the CFD based methods. Conversely, evidence of the need for a study of the effects of increased azimuthal grid resolution on the PAS based results is indicated and will be pursued in future work. Overall, the comparison between the results suggest that the mulitfidelity aerodynamic and acoustic methodology is acceptable for fundamental assessment of low-noise highlift propeller designs. The extent to which the various approaches may be used in a complementary manner will be further established as measured data becomes available for validation. Ultimately, it is anticipated that this combined approach may also be used to provide realistic incident source fields for acoustic shielding/scattering studies on various aircraft configurations. 
